Hepatitis B virus (HBV) is a noncytopathic, hepatotropic virus with a 3.2-kb circular DNA genome that encodes four overlapping 3.5-, 2.4-, 2.1-, and 0.7-kb unspliced messages that terminate at a common polyadenylation site (51) . Because HBV does not replicate in tissue culture or in genetically or immunologically defined animals, the development of an HBV transgenic mouse model was required to define the host-virus interactions involved in viral clearance and disease pathogenesis (2, 14, 16, 28, 44) . Based on these studies, it is now clear that the vigor and kinetics of the cellular immune response to HBV, especially the cytotoxic T-lymphocyte (CTL) response, determines the outcome of HBV infection (15) .
Using this model, we demonstrated that, in addition to killing HBV-positive hepatocytes, HBV-specific CTLs can downregulate hepatocellular HBV gene expression and replication by a noncytopathic, cytokine-induced process that is mediated by inflammatory cytokines such as gamma interferon (IFN-␥) and tumor necrosis factor alpha (TNF-␣) secreted by the CTLs following antigen recognition in the liver (27) . In addition, we showed that HBV gene expression and replication are downregulated noncytopathically during lymphocytic choriomeningitis virus (LCMV) (25)-and murine cytomegalovirus (MCMV) (8)-induced hepatitis in these animals. By nuclear run-on analysis, we showed that these cytokines downregulate HBV gene expression posttranscriptionally, since the viral transcription rate is virtually unchanged following cytokine induction despite the absence of detectable viral RNA (60) .
Those results confirmed previous studies demonstrating that recombinant TNF-␣ (23) and interleukin-2 (IL-2) (29) downregulate hepatocellular HBV mRNA in a lineage of transgenic mice in which HBV gene expression is controlled by the metallothionein promoter, despite the fact that the endogenous metallothionein mRNA was upregulated by the cytokines in the same tissues. The intracellular mechanisms whereby these inflammatory cytokines posttranscriptionally destabilize HBV RNA remain to be determined.
RNA-protein interactions play an important role in the regulation of splicing (54) , nuclear export (35) , stabilization (49) , and destabilization (17, 48, 52) of cellular mRNA. In the systems studied thus far, cellular RNA-binding proteins and RNases influence transcript stability by interacting with sequence and/or structural elements in the RNA. For example, short-lived mRNAs such as c-fos and granulocyte-macrophage colony-stimulating factor mRNAs contain AU-rich sequences in their 3Ј untranslated regions that interact with various RNAbinding proteins (12) , including the AU-rich binding factor (AUF) (6) and the adenosine-uridine-binding protein (41) that destabilize the mRNA (12, 13, 55) . AUF is also part of a protein complex (␣-complex) that stabilizes globin mRNA (36, 62) . Furthermore, the transferrin receptor mRNA is posttranscriptionally regulated by the interaction of iron response elements (IRE) in the RNA with an IRE-binding protein (42) whose binding activity, which is induced by low cellular iron concentrations (31) and phosphorylation (20) , protects the transferrin receptor mRNA from endonucleolytic cleavage (4) . Additionally, the nuclear export of unspliced human immunodeficiency virus (HIV) mRNA requires the interaction between a viral RNA sequence, the Rev response element (RRE), and the HIV Rev protein which, together with host factors, facilitates the export of the HIV RNA into the cytoplasm (21) .
Recently, we showed that the 0.7-kb HBV transcript, which overlaps the 3Ј untranslated regions of all of the longer HBV transcripts, is resistant to cytokine-induced destabilization (60) whereas the longer transcripts are suppressed, suggesting that one or more elements located between nucleotides (nt) 3157 and 1239, upstream of the start site of the 0.7-kb mRNA and downstream of the 2.1-kb transcript start site, are required for cytokine-induced destabilization of the 2.1-, 2.4-, and 3.5-kb mRNAs. At least two elements which could serve as targets for cellular RNA-binding proteins are present in this region. The first is an AU-rich region (nt 767 to 870) containing one copy of the destabilizing AUUUA element found in short-lived RNAs (12, 13, 55) . The second is a previously identified posttranscriptional regulatory element (PRE) located between nt 1239 and 1805 which is thought to be required for nuclear export of unspliced HBV RNA (18, 32, 33) . Recently, cellular proteins (p30 and p45) that interact with this element and might be part of an HBV RNA export mechanism have been identified (34) .
Based on these observations, we thought to identify and characterize cellular HBV RNA-binding proteins that might contribute to the posttranscriptional regulation of HBV RNA by binding to a 91-bp sequence located in the HBV PRE immediately upstream of the cytokine-resistant 0.7-kb HBV mRNA but within the cytokine-sensitive viral transcripts. In UV cross-linking experiments, we identified three HBV RNAbinding proteins (p45, p39, and p26) that bind to this element in liver nuclear extracts from untreated, CTL-injected, MCMV-infected, and LCMV-infected HBV transgenic mice. We showed that the cytokine-induced downregulation of HBV RNA in these experiments was tightly associated with the disappearance of p45 and the appearance of p26. The strong association between these RNA-binding proteins and intrahepatic HBV RNA content suggests that they may be part of a complex mechanism mediating the destabilizing effects of IFN-␥ and TNF-␣ on HBV gene expression in this model.
MATERIALS AND METHODS
HBV transgenic mice. The HBV transgenic mouse lineages 219 (official designation, pFC80-219), 1.3.32 (official designation, Tg{HBV 1.3 genome}Chi32), and 1.3.46 (official designation, Tg{HBV 1.3 genome}Chi46) used in this study have been described previously (23, 28) . Lineage 219 expresses high levels of the HBV envelope 2.1-kb mRNA in the vast majority of hepatocytes under transcriptional control of the HBV surface promoter (26) . Lineages 1.3.32 and 1.3.46 express all of the viral RNAs under the control of the respective viral promoters, and they replicate HBV at high levels in the liver and kidney without any evidence of cytopathology (28) . Mice were matched for age (8 to 10 weeks), sex (male), and serum hepatitis B e antigen concentration by using a commercially available solid-phase radioimmunoassay (Sorin Biomedica, Saluggia, Italy).
HBsAg-specific CTLs. An L d -restricted, CD3 ϩ CD4 Ϫ CD8 ϩ hepatitis B surface antigen (HBsAg)-specific CTL clone, designated 6C2, was used for this study. These CTLs recognize an epitope located between residues 28 and 39 of HBsAg (HBsAg28-39), and they secrete IFN-␥ and TNF-␣ upon recognition of antigen (2) . In all experiments, 10 7 CTLs were injected intravenously into transgenic mice 5 days after in vitro stimulation with irradiated P815 cells that stably express the HBV large envelope protein (2) . CTL-induced liver disease was monitored by measuring serum alanine aminotransaminase activity at various time points after CTL injection. Aliquots of liver tissue obtained at autopsy were either fixed in zinc formalin, embedded in paraffin and processed for histological and immunohistochemical analysis, or snap-frozen in liquid nitrogen for subsequent molecular analyses.
IL-12 injection. Recombinant murine IL-12 (Hoffmann-La Roche, Nutley, N.J.) was injected (100 ng daily for 3 consecutive days) intraperitoneally into HBV transgenic mice (lineage 1.3.46) . The mice were sacrificed 16 h after the last injection, and their livers were harvested and processed as described elsewhere (9) . Total liver RNA and nuclear extracts were prepared from the same livers.
LCMV. HBV transgenic mice (lineage 1.3.32) were infected by intravenous inoculation of 2 ϫ 10 6 PFU of LCMV WE clone 2.2 (25) , and measurements of serum and liver LCMV titers as well as histological and molecular analyses for hepatic HBV RNA were performed on zinc-formalin-fixed and snap-frozen tissue as previously described (25) . Total liver RNA and nuclear extracts were prepared from the same livers.
Adenovirus infection. A recombinant, replication-deficient adenovirus (Ad.CBlacZ [38] ) was used to infect mice (lineage 1.3.32) at various doses (1.5 ϫ 10 9 or 5.0 ϫ 10 9 ) via the tail vein as previously described (8) . Animals were sacrificed at multiple time points following infection, and their livers were harvested and either processed for histological analysis or snap-frozen in liquid nitrogen and stored at Ϫ80°C for subsequent molecular analyses as previously described (8) .
MCMV infection. The Smith strain of MCMV (ATCC VR-194; American Type Culture Collection, Rockville, Md.) was used in this study. Lineage 1.3.32 mice were injected intraperitoneally with 5 ϫ 10 4 PFU of MCMV (8) and sacrificed at various time points thereafter. Livers were harvested, snap-frozen in liquid nitrogen, and stored at Ϫ80°C for subsequent molecular analyses as previously described (8) .
RNA analyses. Frozen liver tissues were mechanically pulverized, and total genomic RNA was isolated for Northern blot analysis and for RNase protection assay exactly as described elsewhere (27, 28) .
Anticytokine antibodies. Hamster monoclonal antibodies H22 and TN3 19.12, specific for murine IFN-␥ and TNF-␣ (53, 56) and generously provided by Robert Schreiber (Washington University, St. Louis, Mo.), were used in this study. Purified hamster immunoglobulin G (Jackson ImmunoResearch, West Grove, Pa.) was used as the control antibody. All antibodies were diluted to a concentration of 1,250 g per ml with nonpyrogenic phosphate-buffered saline (GIBCO BRL, Gaithersburg, Md.) immediately before injection, and 250-g doses of the antibodies were administered to animals intraperitoneally 24 h before and 2 days after the intravenous injection of CTLs.
Preparation of nuclear extracts. Frozen mouse or human liver tissue (0.2 to 0.5 g), 8 ϫ 10 7 partially purified (ϳ60% pure as determined by light microscopy) hepatocytes from HBV transgenic mice lineage 1.3.46, or 10 7 cryopreserved HepG2 cells were thawed in a fivefold volume of ice-cold homogenization buffer containing 10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 2.5 mM MgCl 2 , 1 mM EDTA (buffer A), 0.5 mM dithiothreitol (DTT), and 1/25 volume of proteinase inhibitor mix (Boehringer Mannheim, Indianapolis, Ind.) and homogenized by five strokes in a glass homogenizer with a loose-fitting motor-driven (50 rpm) Teflon pestle. The homogenate was centrifuged at 2,000 ϫ g for 20 min; the resulting supernatant was stored at Ϫ80°C. The pellet was resuspended in 6 ml of buffer containing buffer A and 0.88 M sucrose (buffer B), loaded on a 7-ml cushion of buffer B, and centrifuged at 10,000 ϫ g for 30 min. The supernatant was discarded, and the pellet was dissolved in 5 ml of buffer containing buffer A and 2.0 M sucrose (buffer C). The slurry was loaded on a 7-ml cushion of buffer C and centrifuged at 180,000 ϫ g for 70 min. The supernatant was discarded, and the nuclei were resuspended in 100 l of storage buffer containing 20 mM Tris-HCl (pH 8.0), 75 mM NaCl, 2.5 mM MgCl 2 , 0.5 mM EDTA, 50% glycerol, 0.5 mM DTT, and 1/10 volume of proteinase inhibitor mix (Boehringer Mannheim). Nuclei were counted by light microscopy and lysed by adding 5ϫ lysis buffer containing 100 mM Tris-HCl (pH 8.0), 2.1 M NaCl, 7.5 mM MgCl 2 , 1.0 mM EDTA, and 25% glycerol to final concentrations of 33 mM Tris-HCl (pH 8.0), 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 5% glycerol, 0.5 mM DTT, and 1/10 volume proteinase inhibitor mix (Boehringer Mannheim). The viscous lysate was transferred into dialysis tubes (molecular weight cutoff, 6,000 to 8,000; Spectro/Por; Spectrum Companies, Gardena, Calif.) and dialyzed three times against 500 ml of dialysis buffer F containing 10 mM Tris-HCl (pH 7.4), 100 mM NaCl, 3 mM MgCl 2 , 0.5 mM EDTA, 10% glycerol, 0.5 mM DTT, and proteinase inhibitor Mix (Boehringer Mannheim). The dialyzed nuclear extract was cleared by centrifugation for 10 min at 25,000 ϫ g, and the protein content was determined by the Bradford dye binding procedure, using a commercial kit (Bio-Rad Laboratories, Hercules, Calif.).
In vitro transcription. A plasmid containing the entire HBV genome (ayw subtype) was used for the production of DNA templates for the generation of HBV transcripts. Two primers were used. Primer 1 (5Ј-CCATCGAT-TAATACG ACTCACTATAG-3Ј) contained a restriction site for ClaI (shown in italics), the T7 RNA polymerase promoter sequence (shown in boldface), and the sense HBV awy DNA sequence (22) to 1988 were produced and tested for binding (not shown). The mouse ␤-actin template was generated by using the following primers. Primer 1 included a ClaI site and a T7 RNA polymerase promoter followed by ␤-actin-specific DNA sequence spanning nt 27 to 45 (1); primer 2 contained antisense ␤-actinspecific sequence between nt 121 and 140 (1). The mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) template was generated by using the following primers. Primer 1 included a ClaI site and a T7 RNA polymerase promoter followed by GAPDH-specific DNA sequence spanning nt 383 to 401 (50); primer 2 contained antisense GAPDH-specific sequence between nt 478 and 497 (50) .
The HIV RRE template was generated by using the following primers. Primer 1 (5Ј-GAGCAGTGGGAATAGTAGG-3Ј) included a ClaI site and a T7 RNA polymerase promoter followed by RRE-specific DNA sequences; primer 2 (5Ј-TCCCTAGGAGCTGTTGAT-3Ј) contained antisense RRE-specific sequence.
The Mason-Pfizer virus constitutive transport element (CTE) template was generated by using the following primers. Primer 1 included a ClaI site and a T7 RNA polymerase promoter followed by Mason-Pfizer virus-specific DNA sequence spanning nt 8007 to 8025 (57); primer 2 contained antisense MasonPfizer virus-specific sequence between nt 8221 and 8238 (57) . PCRs for HBV, RRE, and CTE templates were produced with 1 ng of plasmid (plasmids containing specific RRE and CTE sequences were a generous gift from T. J. Hope). PCRs for ␤-actin and GAPDH templates were produced with reverse-transcribed mouse liver RNA, the mixture contained 80 pmol of each primer in 1ϫ PCR buffer, 0.2 mM GTP, ATP, TTP, and CTP, and 2.5 U of Taq DNA polymerase (Boehringer Mannheim). PCR was performed as follows: 5 min at 95°C, followed by 35 cycles of 1 min at 95°C, 1 min at 56°C, 1 min at 72°C, and 5 min 72°C). The PCR products were purified by size exclusion using a commercial kit (PCR purification kit; Boehringer Mannheim), ethanol precipitated, and used as templates to generate transcripts. Transcription reactions were carried out with 0.5 to 1.0 g of PCR product in a final volume of 20 l in transcription buffer (Promega, Madison, Wis.) containing 0.31 mM ATP, CTP, and GTP and 7.5 mM [␣-
32 P]UTP (800 Ci/mmol) (NEN, Boston, Mass.), 5 mM DTT, and 20 U of RNasin (Promega). The reaction was started by addition of 20 U of T7 RNA polymerase (Promega). After incubation for 45 min at 37°C, another 20 U of T7 RNA polymerase was added and the reaction was continued for 45 min at 37°C. The reaction was terminated by adding 10 g of yeast tRNA and 1 U of DNase I (Promega), and the mixture was incubated for 15 min at 37°C. After phenol-chloroform extraction and ethanol precipitation, transcripts were dissolved in 10 mM Tris-HCl (pH 7.4)-diethyl pyrocarbonate-treated water.
UV cross-linking experiments. Standard binding reactions were carried out in a final volume of 40 l with 5 g of total nuclear protein and 40 fmol of the 32 P-labeled HBV transcript B in binding buffer containing 10 mM Tris-HCl (pH 7.4), 3 mM MgCl 2 , 1.5 mM EDTA, 450 mM NaCl, 0.01% Triton X-100, 20 g of yeast tRNA, and 6 g of heparin for 20 min at room temperature. The reaction mixtures were incubated on ice and irradiated for 10 min with UV light (254 nm) in a Stratalinker (Stratagene, La Jolla, Calif.) approximately 3 cm under the bulbs and then digested with 40 g of RNase A and 100 U of RNase T 1 for 45 min at 37°C; 40 l of sodium dodecyl sulfate (SDS) sample buffer (2% SDS, 5% mercaptoethanol, 63 mM Tris-HCl [pH 6.8], 10% glycerol, 0.01% bromophenol blue) was added; samples were boiled for 5 min, placed on ice, and resolved by SDS-polyacrylamide gel electrophoresis (PAGE) on 12.5% gels. After electrophoresis, the gels were stained with Coomassie blue, destained, dried, and exposed to Kodak Biomax (Kodak, Rochester, N.Y.) overnight at Ϫ80°C. Competition experiments were carried out by addition of excess cold competitor to the binding reaction mixture 3 min before or after addition of the labeled transcript.
RESULTS
Identification of three liver nuclear proteins with HBV RNA-binding activity. UV cross-linking was performed to identify HBV RNA-binding proteins that might be involved in the downregulation of HBV RNA after CTL injection. Liver nuclear extracts obtained from HBV transgenic mice after the injection of saline or HBsAg28-39-specific CTLs were analyzed for the ability to bind a series of 32 P-labeled in vitro transcripts located between the start sites of the 2.1-and 0.7-kb HBV mRNAs (see Materials and Methods). Because reproducible binding was obtained with a 91-nt transcript representing nt 1243 to 1333, all subsequent experiments were performed with this transcript (henceforth designated RNA-B) (Fig. 1) .
In liver nuclear extracts from saline-injected HBV transgenic mice from lineage 219, whose liver contains abundant quantities of the 2.1-kb HBV RNA ( Fig. 2A, upper panel) , two distinct RNA-protein complexes of 45 and 39 kDa (p45 and p39) were detectable with RNA-B (Fig. 2A, lower panel, lane  1) . In contrast, p45 was undetectable and a new 26-kDa RNAprotein complex (p26) appeared in liver nuclear extracts from HBV transgenic mice sacrificed 5 days after CTL injection, coincident with the disappearance of HBV RNA (Fig. 2A,  lanes 2 to 4) . In addition, the signal intensity and the electrophoretic mobility of p39 are slightly increased under these conditions ( Fig. 2A) .
To confirm and extend these observations, we examined the ability of liver nuclear extracts from an independent lineage of transgenic mice (1.3.32) to bind RNA-B before and after CTL injection. This lineage expresses all of the viral RNAs (28), including the 2.1-kb HBV mRNA and the overlapping 3.5-kb mRNA which are easily detectable by Northern blot analysis of total liver RNA (Fig. 2B) . Once again, p45 and p39 were detectable in the liver before CTL injection, coincident with baseline levels of HBV RNA (Fig. 2B, lane 1) , and p45 was strongly reduced following CTL injection, coincident with the appearance of p26 and the disappearance of HBV RNA from the same specimens (Fig. 2B, lane 2) . All of these events were blocked by the prior injection of TNF-␣-and IFN-␥-specific antibodies (Fig. 2B, lanes 3 to 5) which we have previously reported to prevent the CTL-induced downregulation of HBV RNA (27) . Thus, it appears that IFN-␥ and TNF-␣ modulate the balance of HBV RNA-binding proteins as well as the abundance of HBV RNA in the liver. Since RNA-binding proteins are known to influence the stability of cellular mRNAs (49), and since downregulation of HBV gene expression 7 CTLs and sacrificed at 5 days later. Results were compared with those for a mouse that was sacrificed 5 days after saline injection. (B) Three sex-and serum HBsAg-matched lineage 1.3.32 mice were intraperitoneally injected with 250 g of hamster monoclonal antibodies against TNF-␣ and IFN-␥ 24 h before and 2 days after intravenous injection of 10 7 HBsAg-specific CTLs. Two control mice were injected either with saline or with 250 g irrelevant anti-hamster immunoglobulin G (H␣ IgG). Mice were sacrificed on day 5 after CTL administration.
in both of these lineages is a posttranscriptional CTL-induced process mediated by IFN-␥ and TNF-␣ (27, 60), these results suggest that HBV mRNA stability may be controlled by the CTL-or cytokine-regulated RNA-binding proteins shown in Fig. 2 .
Characteristics and specificity of nuclear HBV RNA-binding activities. As shown in Fig. 3A , all three RNA-binding proteins are proteinase K and temperature sensitive, indicating their protein content. p45 is especially temperature sensitive, since its activity also decreases after overnight incubation at 37°C and it progressively disappears after repeated freeze-thaw cycles, while the other proteins are unaffected by these conditions (not shown). The same pattern of RNA-protein complexes was observed when SDS-PAGE was performed under nonreducing conditions, indicating that p45, p39, and p26 are not covalently bound to each other (Fig. 3A, lanes 14 and 15) . Further analysis revealed that the proteins do not require divalent cations for binding and that binding is inhibited at low temperature and acid pH (not shown). Based on these observations, all subsequent experiments were performed in the presence of 3 mM MgCl 2 -0.5 mM EDTA at 23°C and pH 7.4. Under these conditions, as shown in Fig. 3B , the RNA-protein interaction is optimal at high salt concentrations (450 mM NaCl for p39 and p26; 600 mM NaCl for p45), indicating that nonelectrostatic interactions may contribute to their interaction with RNA-B. Finally, we demonstrated that RNA binding by all three proteins is a rapid event, with maximal complex formation occurring within 2.5 min after RNA-B is added to the nuclear extracts (not shown). Since the binding reaction was followed by 10 min of UV irradiation, a total of 12.5 min may actually be necessary for maximal complex formation in vitro.
Competition experiments were performed to study the specificity of the HBV RNA-binding proteins for the 91-nt element used in the UV cross-linking experiments. The binding of p45, p39, and p26 to RNA-B could be competed in a concentrationdependent manner by a 10-to 60-fold excess of unlabeled RNA-B (Fig. 4A, upper panel) but not by the same molar excess of unrelated HBV transcripts (nt 767 to 874) or transcripts containing GAPDH, HIV RRE, or Mason-Pfizer virus CTE sequence (not shown; see Materials and Methods) or by up to a 1,500-fold molar excess of an actin transcript (Fig. 4A,  lower panel) . These data indicate that recognition of HBV RNA-B by p45, p39, and p26 is relatively selective. In related experiments to be reported separately, we have shown that all three proteins bind to a predicted stem-loop structure located between nt 1275 and 1281 within transcript B (29a).
All of the preceding experiments were performed with total mouse liver nuclear extracts. To be relevant to the posttranscriptional control of HBV RNA, these RNA-binding proteins must be present in hepatocytes, and most importantly in human hepatocytes. As shown in Fig. 4B , not only are p45 and p39 present in partially purified mouse hepatocytes, but nuclear extracts prepared from normal human liver and from the HepG2 human hepatoma cell line also contain similar, although slightly larger, HBV RNA-binding proteins (Fig. 4B) . Additional studies will be required to determine whether these human liver-derived RNA-binding proteins are homologs of the proteins detected in the mouse. 2 g ) from untreated HBV transgenic mice and CTL-injected HBV transgenic mice, nuclear extracts from partially (60%) purified hepatocytes prepared from untreated HBV transgenic mice (Hep; 1 g), and nuclear extracts prepared from human liver (1 g) and the human hepatocyte cell line HepG2 (1 g) were used in the standard UV cross-linking analysis as described in Materials and Methods.
Temporal association between the disappearance of p45, the appearance of p26, and the clearance of HBV RNA after MCMV infection. We have previously reported that hepatic HBV gene expression is inhibited in the liver of lineage 1.3.32 transgenic mice during MCMV infection (8) . We took advantage of this model to monitor the HBV RNA-binding proteins in liver nuclear extracts at multiple time points after MCMV infection in order to examine the temporal relationship between the induction of cytokines, the RNA-binding protein profile, and the disappearance of HBV RNA.
As shown in Fig. 5 , on the first day after MCMV infection, the intrahepatic content of HBV RNA, p45, and p39 was unchanged and p26 was slightly induced. At this time, traces of TNF-␣ and 2Ј,5Ј-oligoadenylate synthase (2Ј,5Ј-OAS) mRNA, a marker for IFN-␣/␤ induction, were detectable in the liver. Three days after MCMV infection, however, the intrahepatic HBV RNA content was variably decreased in the two mice studied, corresponding with the induction of intrahepatic IFN-␥, TNF-␣, and 2Ј,5Ј-OAS mRNA and a commensurate reduction in p45 and induction of p26 that correlated with the amount of HBV RNA remaining in the liver. Again, the signal intensity and electrophoretic mobility of p39 were slightly increased. These changes were most pronounced on day 5, returning to baseline between 7 and 28 days after infection, demonstrating a temporal correlation between the disappearance of HBV RNA, the disappearance of p45, and the appearance of p26 during MCMV infection. The HBV RNA-binding proteins returned to baseline more slowly than the HBV RNA, however, suggesting that additional processes might control HBV gene expression late in the infection.
To further examine the correlation between intrahepatic HBV RNA content and the relative abundance of p45 and p26, we compared these parameters in livers from transgenic mice under a variety of experimental conditions which we have previously shown to either suppress HBV RNA content (CTL injection, MCMV infection, and LCMV infection [8, 25, 27]) or have little or not effect on hepatic HBV RNA content (IL-12 injection and adenovirus infection [8, 9] ). As shown in Fig. 6 , intrahepatic HBV RNA content was greatly reduced 5 days after the mice received HBsAg-specific CTLs or were infected by MCMV or LCMV. In each case, this was associated with the disappearance or reduction of p45 and the appearance of p26. In contrast, the HBV RNA-binding proteins were relatively unchanged after IL-12 injection or adenovirus infection, except in the one adenovirus-infected mouse that demonstrated a significant reduction in hepatic HBV RNA and a corresponding increase in the cytokine mRNAs (Fig. 6) . Collectively, these results suggest a relationship between the disappearance of HBV RNA and the coordinated change in the RNA binding activities of p45 and p26. Since antibodies to TNF-␣ and IFN-␥ can block both the downregulation of HBV RNA (27) and the modulation of p45 and p26 following CTL injection, (Fig. 2, lanes 3 to 5) , these two cytokines are obviously necessary for these effects to occur. They are not sufficient, however, since they are induced to similar degrees under conditions (IL-12 injection and adenovirus infection [8, 9] ) that cause little or no decrease in HBV RNA or any change in the HBV RNA-binding proteins and under conditions that abolish HBV RNA and change the balance of the RNA-binding proteins in the liver (e.g., CTL injection, LCMV infection, and MCMV infection). Apparently other, currently unknown factors must cooperate with the cytokines for these antiviral regulatory effects to occur.
DISCUSSION
We know from previous studies that TNF-␣ and IFN-␥ downregulate HBV gene expression in the liver of HBV transgenic mice by posttranscriptionally destabilizing the viral mRNA (27, 29, 60) . In this report, we demonstrate a correlation between the presence of a 45-kDa HBV RNA-binding protein in liver nuclear extracts and the presence of HBV RNA in three lineages of HBV transgenic mice. In addition, we show that the disappearance of HBV RNA is associated with the appearance of a 26-kDa HBV RNA-binding protein in liver nuclear exracts, coincident with the disappearance of p45. These changes were induced by several independent proinflammatory stimuli, including HBsAg-specific CTLs, MCMV infection, and LCMV infection, all of which downregulate intrahepatic HBV RNA FIG. 5 . Kinetics of p45, p39, and p26 binding activities during MCMV infection. HBV transgenic mice were infected with MCMV, and livers were harvested from groups of two mice sacrificed on days 1 (d1), 3, 5, 7, 14, and 28 after infection, as indicated. Total hepatic RNA and liver nuclear extracts were prepared and then analyzed by Northern blotting, UV cross-linking (UV-Cross.), and RNase protection assay (RPA) as described in Materials and Methods. Northern blots were probed for the expression of HBV RNA, GAPDH mRNA, and 2Ј,5Ј-OAS mRNA and compared with total liver RNA prepared from two saline-injected animals. Nuclear extract (5 g) from each mouse was incubated with 40 fmol in vitro RNA-B, processed, and analyzed by SDS-PAGE. Total RNA (10 g) from the same livers was analyzed by RNase protection assay for the expression of TNF-␣ and IFN-␥. The mRNA encoding the ribosomal protein L32 was used to normalize the amount of RNA loaded in each lane. FIG. 6 . RNA binding activities of p45, p39, and p26 after CTL and IL-12 injection and after MCMV, LCMV, and adenovirus infection. Groups of sex-and serum HBeAg-matched transgenic mice (two mice per group) were injected with saline or CTL and sacrificed on day 5 after injection (lineage 1.3.32; NaCl or CTL d5), infected with LCMV and sacrificed on day 5 after infection (lineage 1.3.32; LCMV d5), infected with MCMV and sacrificed on day 5 after infection (lineage 1.3.32; (MCMV d5), infected with adenovirus and sacrificed on day 7 after infection (lineage 1.3.32; Adeno d7), or injected with IL-12 daily for 3 consecutive days and sacrificed on 1 day after the third injection (IL-12 d3). Total hepatic RNA and liver nuclear extracts were prepared and analyzed as described in the legend to Fig. 5 . (8, 25, 27) . Furthermore, we demonstrate that all three proteins interact specifically with RNA-B and that the disappearance of p45 and the appearance of p26 are mediated by TNF-␣ and IFN-␥. Collectively, these results suggest that the RNAbinding proteins described in this report might be components of a cytokine-inducible signal transduction pathway that regulates HBV RNA stability. Proof of this hypothesis will require the identification, cloning, and functional characterization of these proteins in future experiments. trans-acting factors such as RNA-binding proteins and RNases are known to interact with sequence and/or structural elements in RNA to mediate the splicing, nuclear export, degradation, and stabilization of cellular and viral transcripts. Accordingly, the steady-state content of HBV RNA in a cell might be regulated by the coordinated activity of stabilizing and destabilizing RNA-binding proteins, RNases, and the nuclear export machinery. The nuclear export of HBV RNA is thought to be mediated by a previously described PRE, located between nt 1239 and 1805 (32, 33) , which targets the HBV RNA to a splicing-independent export pathway (18, 32) . Indeed, it was the fact that the 5Ј terminus of the PRE is located within the 3.5-, 2.4-, and 2.1-kb HBV transcripts that are downregulated by the inflammatory cytokines and is absent from the 0.7-kb mRNA which is resistant to cytokine-induced downregulation that stimulated us to focus on this region to search for the HBV RNA-binding proteins described in this report.
Two cellular proteins (p30 and p45) that bind to PRE region III (nt 1487 to 1582) have been previously identified (34) . However, since these proteins do not bind to PRE region I (nt 1239 to 1375), which contains the 91-nt element (nt 1243 to 1333) used in our experiments, they are probably not related to the HBV RNA-binding proteins described herein. It is theoretically possible that HBV RNA-binding proteins such as p45 can protect HBV RNA from a rate-limiting cleavage event by binding to a potential cleavage site. This scenario has been proposed for transferrin receptor mRNA, which is protected against endonucleolytic cleavage by an RNA IRE-binding cellular protein (4). This hypothesis is supported by our recent identification of an endonucleolytic cleavage site within RNA-B and full-length HBV RNA obtained from HBV transgenic mouse liver and by preliminary data indicating that this cleavage is more efficient in p45-deficient liver nuclear extracts (30a).
Obviously, until these HBV RNA-binding proteins are identified and their functional roles in the stabilization and/or destabilization of HBV RNA can be directly tested, we must consider the possibility that they are related to known RNAbinding proteins that regulate the stability of other transcripts. For example, AUF1 consists of a family of isoforms, including several whose molecular masses (37, 40, 42 , and 45 kDa) are similar to those of p45 and p39 (37) . Similarly, poly(rC)-binding protein 2 (PCBP-2), which is required for the translation of poliovirus RNA (5) and globin mRNA stabilization (62) , has a molecular mass of around 39 kDa. Since the binding of p45 and p39 to RNA-B could be competed by poly(rU) and poly(rG) and not by poly(rC) (29a), it seems likely that p45 is different from AUF1, since AUF1 cannot be competed by poly(G) (6) , and from PCBP. Furthermore, p45 and p39 are similar in size to hnRNP-D (44 to 48 kDa), hnRNP-G (43 kDa), hnRNP-E (36 to 43 kDa), hnRNP-B2 (39 kDa), and hnRNPA2/B1 (36/38 kDa) (19) . Also, p45, p39, and p26 are similar in size to the full-length and proteolytic products of the RNA-binding protein SS-B/La detected in calf thymus extracts (10, 11) .
Characterization of the RNA binding activities revealed that RNA-protein complex formation was detectable under low ionic strength but the RNA binding activity of p45, p39, and p26 was more efficient at high salt concentrations (Fig. 3B) ; during the formation of other RNA-protein complexes, in contrast, the binding affinity usually decreases with increasing ionic strength (7, 30, 61, 63) , presumably due to competition between the salt anions and the nucleic acid anions for protein-binding sites (59) . The preference of p45, p39, and p26 for high salt concentrations suggests that nonelectrostatic (i.e., hydrophobic) interactions may contribute to their binding affinity for RNA-B. It remains to be determined whether the binding reaction at high ionic strength has some functional correlate under physiological salt concentrations; nonetheless, the binding of p45, p39, and p26 to RNA-B was clearly observed at low salt concentrations (Fig. 3B) .
We do not know whether p45 and p26 bind HBV RNA individually or as a complex with p39. However, results of UV cross-linking under nonreducing conditions showed that p45, p39, and p26 are not covalently bound to each other (Fig. 3A) . Furthermore, the detection of p39 in the absence of p45 in nuclear extracts from spleen and lung suggests that all three proteins can bind HBV RNA independently (29a). Globin mRNA stability is regulated by a protein complex composed of at least two PCBPs, AUF1 proteins, and additional unidentified proteins (36) , showing that in some cases the regulation of mRNA degradation depends on the coordinated activity of several RNA-binding proteins. Analysis of RNA-protein complexes eluted from a native polyacrylamide gel and fractionated by sucrose gradients is needed to elucidate the nature of the native HBV RNA-protein complexes that are present in nuclear extracts from untreated and CTL-injected HBV transgenic mice.
We have shown previously that MCMV and LCMV infection of HBV transgenic mice can inhibit HBV gene expression and replication (8, 25) , while IL-12 injection and adenovirus infection abolish HBV replication without a commensurate decrease in HBV gene expression (8, 9, 25) . We have also shown that both effects can be blocked by antibodies against TNF-␣ and IFN-␥ (reference 27 and this study) and that the downregulation of HBV replication after LCMV, MCMV, and adenovirus infection can also be blocked by antibodies against IFN-␣/␤ (8, 25) . These results indicate that the induction of TNF-␣, IFN-␥, and probably IFN-␣/␤ are essential but not sufficient for the destabilization of HBV RNA and the modulation of the RNA-binding activity of p45 and p26.
It is well established that cytokines can affect the stability of certain mRNAs, including viral RNA. The best-characterized cytokine-induced antiviral mechanisms are the induction of double-stranded RNA-regulated protein kinase (PKR) by IFN-␥ and of 2Ј,5Ј-OAS by IFN-␣/␤. Both PKR and 2Ј,5Ј-OAS need double-stranded RNA to be activated. The production of 2Ј,5Ј-adenylates results in the activation of RNase L, which degrades single-stranded RNA. Since 2Ј,5Ј-OAS mRNA is rapidly induced in the mice following CTL injection and MCMV and LCMV infection (not shown), it is possible that RNase L degrades HBV RNA. However, additional experiments will be needed to determine if PKR or RNase L contributes to the posttranscriptional downregulation of HBV RNA in our models.
In addition, it has been shown that IFN-␥ can selectively downregulate c-fos mRNA (47), CD23/FcRII mRNA (39) , and cystic fibrosis transmembrane conductance regulator mRNA (3) and that it can stabilize complement components C3 and C4 mRNAs (43) and intercellular adhesion molecule 1 mRNA in murine fibroblasts (45) at the posttranscriptional level. Furthermore, TNF-␣ is known to destabilize GLUT-4 (40) and surfactant protein B (46) mRNAs and to stabilize GLUT-1 (58) and IL-1 (24) mRNAs. These results show that the same cytokine can posttranscriptionally destabilize or stabilize viral and cellular mRNAs, providing precedent for the results presented in this report.
Obviously, overexpression or deletion of these proteins will be necessary to define their functional potential. Similarly, proof of the stabilizing and/or destabilizing activity of the 91-nt RNA element described here requires analysis of the influence of the element on the abundance of a reporter transcript of known stability. Since we have not been able to reproduce the antiviral effect of the cytokines in vitro, definitive experiments to determine whether HBV RNA stability is regulated by the family of HBV RNA-binding proteins described in this report will have to be performed in vivo.
